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During growth, cells need to synthesize and expand their envelope, a process
that requires careful regulation. Here, we show that the GTPase ObgE of E. coli
contributes to the regulation of lipopolysaccharide (LPS) synthesis, an essen-
tial component of the Gram-negative outer membrane. Using a dominant-
negative mutant (named ‘ObgE*), we show a direct interaction between ObgE
and LpxA, which catalyzes the first step in LPS synthesis. This interaction is
enhanced by the mutation in ObgE* which, when bound to GTP, leads to
inhibition of LpxA, decreased LPS synthesis, and cell death. Although wild-type
ObgE does not exert the same strong effects as ObgE* on LpxA or LPS synth-
esis, our data indicate that ObgE participates in the regulation of cell envelope
synthesis in E. coli. Because ObgkE also influences other cellular functions (i.e.,
ribosome assembly, DNA replication, etc.), it seems increasingly plausible that

this GTPase coordinates several processes to finetune cell growth.

Obg is a small GTPase that is conserved and essential within the bac-
terial kingdom'. This protein has been implicated in many different
processes, but, despite its obvious importance, most cellular roles of
Obg have not been thoroughly characterized. Obg is mostly known to
facilitate ribosome assembly by interacting with the 50S ribosomal
subunit and acting as an anti-association factor’®. The strength of
Obg’s ribosome anti-association activity appears to be regulated by its
nucleotide binding state”.

Since Obg is a GTPase, it can interact with different guanine
nucleotides and is expected to change its conformation and activity in
response’. Indeed, Obg has been found to bind GTP, GDP, and the
stringent response alarmone ppGpp and is able to hydrolyze GTP,
albeit inefficiently’. Since Obg’s GTP hydrolysis rate is low and
nucleotide exchange occurs very fast, Obg is generally thought to act
as a sensor for cellular guanine nucleotide concentrations®~°.

Apart from Obg’s role in translation, several other functions have
been attributed to this enigmatic protein. Obg has been shown to
influence a large variety of processes, including DNA replication'®™,
chromosome segregation, several stress responses'>'*", antibiotic
persistence'®, sporulation, etc. More recently, a connection between
Obg and the gram-negative outer membrane was reported. In Acine-
tobacter baumannii, a synthetically sick phenotype was obtained by
combining a mutant obg allele (0bgnzss) with a defect in the Mla
pathway that functions in maintaining outer membrane asymmetry®’.

The outer membrane is an essential part of the gram-negative cell
envelope that acts as a permeability barrier and a load-bearing and
osmoprotective structure’ %, Lipopolysaccharides (LPS) make up a
large part of the outer leaflet of this asymmetric membrane*. LPS
consists of the hydrophobic membrane anchor lipid A coupled to a
core oligosaccharide which is additionally decorated with an O-antigen
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polysaccharide”. Whereas the O-antigen and core oligosaccharide are
important for protection against environmental stresses and outer
membrane stability, they are not strictly essential in Escherichia
coli***®. In fact, E. coli K12 lab strains do not produce O-antigen at all”’*5,
The minimal LPS structure that is required for E. coli survival under
standard growth conditions is the Kdo-modified lipid IV,**%°, while at
low temperatures, E. coli can survive with only lipid IV,*.

Kdo,-lipid A is synthesized in nine enzymatic steps that collec-
tively form the Raetz pathway**. In the first step, the essential LpxA
enzyme transfers an acyl group from acyl-ACP onto uridine dipho-
sphate N-acetylglucosamine (UDP-GIcNAc) to form UDP-3-O-acyl-
GIcNAc**., This reaction is reversible and thermodynamically unfa-
vorable, meaning that the committed step of the pathway is performed
by the second enzyme, LpxC*****. The LpxC enzyme has been estab-
lished as a major point of regulation in lipid A and LPS synthesis. In E.
coli, LpxC activity is mostly regulated at the posttranslational level by
the protease FtsH*>**. Degradation of LpxC by FtsH is modulated by
accessory proteins LapB (also known as YciM) and YejM (also known as
PbgA) and depends on factors such as growth rate, fatty acid synthesis,
and others**, LpxA, on the other hand, was widely believed not to be
subjected to any kind of regulation. However, recent work demon-
strated that LpxA activity can be altered by RnhB and ppGpp**, thereby
indicating that additional levels of regulation in LPS synthesis exist.
The reaction catalyzed by LpxA is an interesting one since it consumes
substrates that can alternatively be used for the synthesis of phos-
pholipids or peptidoglycan®*"*°. LpxA can, therefore, be seen as a hub
in cell envelope synthesis, and changes in its activity could potentially
affect the production of three major cell envelope components: LPS,
phospholipids, and peptidoglycan. Because of its importance for the
survival of most Gram-negative bacteria and its complete absence
from humans, lipid A synthesis is seen as an interesting target for the
development of new antibiotics*. In this respect, most attention is
focused on the identification and optimization of compounds that
inhibit LpxC, while other enzymes of the lipid A synthesis pathway are
not explored as much*®*%,

Here, we demonstrate that LPS synthesis in Escherichia coli is also
regulated at the level of LpxA by the GTPase ObgE (Obg of E. coli). We
have reached this conclusion by characterizing the toxic effects of
ObgE*, a mutant isoform of ObgE that contains one amino acid sub-
stitution, K268I. This small variation in the protein results in a drastic
change in functionality. In contrast to wild-type (wt) ObgE, which is
essential for bacterial viability, expression of obgE* leads to E. coli cell
death even in the presence of a wt chromosomal obgE copy*’. We
hypothesized that the dominant-negative phenotype caused by ObgE*
stems from dysregulation of ObgE’s normal function and that by
studying the cell death pathway triggered by ObgE*, we could get more
insight into the cellular role of wt ObgE. We here show that ObgE*
toxicity is caused by direct inhibition of LpxA catalytic activity, which
leads to a decrease in LPS synthesis and subsequent cell death. Similarly,
we show that wt ObgE interacts with LpxA. Even though this interaction
did not strongly alter LpxA activity in vitro, upregulation of wt ObgE did
sensitize E. coli to LPS inhibitors, demonstrating a regulatory role for
ObgE in LPS synthesis in vivo. Taken together, our data show that ObgE*
is a very potent inhibitor of LpxA and that wt Obgk likely regulates LpxA
activity in vivo, although the conditions under which it does so remain
to be further investigated. Our results, therefore, point toward a novel
regulatory mechanism that controls LPS synthesis and that operates at
the level of LpxA, a hub in cell envelope synthesis previously thought to
not be subjected to any kind of regulation.

Results
ObgE*, a toxic mutant isoform of ObgE, activates the Rcs stress
response
The amino acid substitution that is present in ObgE*, K268l, turns this
essential GTPase into a highly toxic one that exerts a dominant

negative effect on E. coli cell survival (Fig. 1A). To reveal how ObgE*
causes cell death, we performed RNA sequencing and identified all
genes that are up- or downregulated upon expression of the toxic
obgF*allele. To do so, we expressed obgE*from a plasmid (pBAD33Gm-
obgE®) in an E. coli strain that still contains the genomic wild-type (wt)
obgE gene and compared the results to a vector control (pBAD33Gm)
and overexpression of wt obgE (pBAD33Gm-obgE) (Fig. 1B). Results
show that ObgE* causes a massive disturbance of gene expression
(Fig. 1C, Supplementary Fig. S1A and Supplementary data 1), with 359
or 1045 genes (8% and 23% of all genes) significantly up- or down-
regulated compared to the vector control or overexpression of wt
obgk, respectively.

To gain a more high-level overview of the cellular effects of ObgE*,
we performed Gene Ontology (GO) enrichment analyses on genes that
are significantly up- or downregulated by ObgE* compared to both the
vector and wt ObgE control (Supplementary Fig. SIB and Supple-
mentary data 1). These analyses revealed that genes involved in colanic
acid synthesis, a protective exopolysaccharide involved in biofilm
formation®°, are strongly enriched among upregulated genes. Flagellar
genes, on the other hand, are strongly downregulated (Fig. 1C). Since
both colanic acid production and flagellar genes are controlled by the
Rcs response®™?, our results hint at the activation of this cell envelope
stress response by ObgE*. Indeed, our RNA-seq data confirm that rcsA,
an Rcs auxiliary gene that is under the direct control of this stress
response”, is strongly upregulated by ObgE* (14- and 9-fold upregu-
lated compared to the vector and wt ObgE controls, respectively
(Supplementary data 1)). These results were further confirmed by
showing that ObgE* activates a P,.4-GFP promoter fusion (Fig. 1D, E).

Strong activation of the Rcs response was shown to be toxic under
certain conditions®. However, because ObgE* toxicity remained
unchanged in E. coli mutants that are unable to launch the Rcs stress
response’ ™ (Fig. 1F), we conclude that Rcs activation does not con-
tribute to the toxic ObgE* phenotype. Likewise, eliminating the pro-
duction of colanic acid synthesis upon obgE* expression did not
increase survival®** (Supplementary Fig. S1C). These findings demon-
strate that neither the Rcs response itself nor the activation of the
colanic acid synthesis pathway can explain ObgE*-mediated toxicity.
Rather, ObgE* likely causes defects in the cell envelope that trigger the
Rcs stress response and ultimately lead to cell death.

Toxicity in L-forms reveals that ObgE* primarily targets the E.
coli outer membrane

The Rcs response can be activated by disturbances in both the Gram-
negative outer membrane and the peptidoglycan cell wall’**% To
investigate whether ObgE* exerts its toxic effect by targeting the cell
wall, we used E. coli L-forms that are devoid of peptidoglycan® %, As
can be seen in Fig. 2A, B, and Supplementary Movie S1, ObgE* remains
toxic in L-forms as it negatively affects growth and strongly inhibits
L-form proliferation, which depends on membrane synthesis™.

Because L-forms are known to be highly susceptible to reactive
oxygen species (ROS)*®, we verified that ObgE* toxicity in L-forms does
not depend on ROS. In contrast to walled E. coli cells®®, ObgE* did not
lead to increased ROS levels in L-forms (Supplementary Fig. S2A).
Moreover, a combination of scavengers that lowered ROS levels did
not alter ObgE* L-form toxicity (Supplementary Fig. S2A, B and Sup-
plementary Movie S2). Our data, therefore, indicate that ObgE* toxicity
in E. coli L-forms is unrelated to ROS production.

Because ObgE* remains toxic in E. coli L-forms independently of
ROS production, we hypothesize that ObgE* targets the outer mem-
brane. Indeed, close inspection of L-form phenotypes upon obgE*
expression hints at an outer membrane defect. More specifically,
ObgkE* causes lysis of L-forms in two distinct steps (Fig. 2C and Sup-
plementary Movie S3). In the first lysis step, the cell abruptly expands
and loses its smooth edge, but is able to retain cellular content. In the
second lysis step, the cell bursts and dies. These two lysis steps
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Fig. 1| The toxic ObgE isoform, ObgE*, induces the Rcs stress response.

A Expression of obgE* (0bgEy.ss) causes a dominant-negative effect on cell survival.
Cultures of E. coli containing pBAD33Gm (Vector), pBAD33Gm-obgE (ObgE), or
pBAD33Gm-obgE* (ObgE*) were induced with arabinose, and cell survival was
measured over time by determining CFUs/ml. Data are represented as the

mean = SEM, number of biological replicates n =3, except for 2 h where n=4.

B RNA-seq analysis was performed on the Vector, ObgE, and ObgE* samples after 1 h
of induction with arabinose. C ObgE* causes a massive disturbance in gene
expression. Volcano plots of RNA-seq data reveal genes that are significantly up- or
downregulated by ObgE* compared to the Vector (left) or wt Obgk (right) control.
P-values were obtained using a two-sided Wald test and corrected for multiple
testing using the Benjamini and Hochberg method. The gray dotted line marks an
adjusted p-value of 0.01. Genes belonging to the GO category “Colanic Acid Bio-
synthetic Process” (GO:0009242) or “Bacterial-type Flagellum Organization”
(GO:0044781) are highlighted in blue and orange, respectively. D ObgE* activates
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the Rcs stress response. A representative flow cytogram shows that ObgE* upre-
gulates the rcsA promotor, which is part of the Rcs regulon. E From flow cytograms
such as shown in (D), the median GFP fluorescence was recorded and plotted
separately. Bar graphs and error bars represent the mean + SEM, number of bio-
logical replicates n =4. Ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test was performed against the Vector control condition. F ObgE* toxicity
is not altered in the absence of a functional Rcs stress response. E. coli wt and Rcs
stress response mutant cultures carrying pBAD33Gm-obgE or pBAD33Gm-obgE*
were induced with arabinose to activate obgE(*) expression. Two hours after
induction, CFUs/ml were determined, and the level of survival was calculated by
dividing CFUs/ml upon obgE* expression by those recorded upon wt obgFE over-
expression. Bar graphs and error bars represent the mean + SEM, number of bio-
logical replicates n =4. Ordinary one-way ANOVA with Dunnett’s multiple
comparisons test was performed against the wt control condition, and no sig-
nificant differences were detected.

correspond to the rupture of first the outer and then the inner mem-
brane as demonstrated by (1) cells that were in the process of dividing
prior to adopting the L-form state where the first lysis step liberates
two separated protoplasts (Fig. 2D and Supplementary Movie S4), and
(2) differentially labeling the cytoplasm with mCherry and the peri-
plasm with superfolder mTurquoise2ox*"*' (Fig. 2E and Supplementary
Movie S5). This 2-stage lysis process occurs in the vast majority of
L-forms that express obgE* and the delay between the first and second
steps can range anywhere from minutes to hours (Supplementary
Fig. S2C). These results indicate that ObgE*s primary effect is to
weaken the E. coli outer membrane, eventually resulting in L-form lysis.
We hypothesize that ObgE*s negative effect on the outer membrane
also causes cell death in walled E. coli cells and serves as the trigger for
the Rcs response.

Suppressor mutations in [pxA provide resistance to ObgE*

To be able to determine how ObgE* affects the E. coli outer membrane,
we generated spontaneous suppressor mutants that have become
resistant to the toxic action of ObgE* (Fig. 3A). To limit the isolation of
mutants that no longer produce ObgE* (e.g., due to promoter or stop
codon mutations), we expressed obgE* from two independent pro-
moters; Pgyp and Py, and confirmed full-length ObgE* production
using C-terminal fluorescent fusions to Venus and mCherry. For
selected colonies, the toxicity of their obgE* alleles was confirmed by
transforming the isolated plasmids to fresh genetic backgrounds. This
way, we isolated 34 suppressor mutants from 22 independent over-
night cultures. Whole genome sequencing was performed on these

suppressor strains, and mutations are listed in Supplementary Data 2.
Of note, 30 out of the 34 suppressors carried mutations in /pxA
(Table 1). The essential LpxA enzyme is a UDP-N-acetylglucosamine
acyltransferase that catalyzes the first step in the synthesis of lipid A,
the membrane anchor of LPS*?,

Because our data hinted at a pivotal role for LpxA in neutralizing
ObgkE* toxicity, we set out to identify all possible /pxA mutations that
could provide resistance against ObgE*. To do so, we performed
saturation mutagenesis on [pxA. Using high-throughput CRISPR-Cas
editing®?, we introduced genomic mutations so that, at the protein
level, each amino acid of LpxA would be replaced by every other amino
acid (Fig. 3B). The more than 5000 genomic mutants of this pooled
library were transformed with pBAD33Gm-obgE* and grown overnight
in triplicate while inducing obgE* expression. After a growth period of
20 h, PacBio sequencing of the IpxA gene was performed (Supple-
mentary Data 2). This way, 14 putative resistance-conferring [pxA
alleles were identified (Table 1). These 14 identified mutations, toge-
ther with the 4 isolated spontaneous suppressor mutations, target only
six different LpxA residues. Interestingly, 5 out of the 6 identified
residues are clustered closely together within the LpxA protein struc-
ture (Fig. 3C).

For the three LpxA residues that were targeted multiple times, we
chose representative mutations for further analysis; V197H, 1199S, and
R216C. We introduced these mutations into a clean parental strain and
assessed their ability to counteract ObgE* toxicity. All three mutations
provide full resistance to ObgE* (Fig. 3D) and prevent the activation of
the Rcs stress response (Fig. 3E). Similarly, overexpression of [pxA was
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Fig. 2 | ObgE* toxicity in E. coli L-forms hints at an effect of ObgE* on the outer
membrane. A ObgE* remains toxic in E. coli L-forms that are devoid of pepti-
doglycan. E. coli pBAD33Gm (Vector), pBAD33Gm-obgE (ObgE), or pBAD33Gm-
obgE* (ObgE*) were grown on agarose pads that contain arabinose, the inducer of
obgE(*) expression, and fosfomycin, which triggers the transition into the L-form
state. Snapshot images of time-lapse microscopy recordings are shown.

B Quantitative analysis of these time-lapse images reveals that ObgE* strongly
inhibits L-form proliferation. The number of successful L-form divisions was
recorded and normalized to the number of intact L-forms present in the field of

2" lysis event:
inner membrane

1%t lysis event:
outer membrane

view. Data are represented as the mean + SEM, number of biological replicates n=3,
where each repeat contains >40 L-forms. C, D Time-lapse images of single (C) or
dividing (D) E. coli cells that express obgE* are shown as they transition into the
L-form stage and subsequently undergo cell lysis that proceeds in two distinct
steps. E Time-lapse images of E. coli L-forms that express obgE* and contain a blue
periplasmic and red cytoplasmic marker reveals how ObgE* triggers two-stage L-
form lysis. ObgE* initially causes rupture of the outer membrane and loss of peri-
plasmic content, while the second stage of lysis corresponds to the loss of inner
membrane integrity and cytoplasmic content.

also found to counteract ObgE* toxicity in a dose-dependent man-
ner (Fig. 3F).

In the next step, we characterized the effects of the selected [pxA
mutations both in vitro and in vivo. Whereas the R216C mutation
caused a minor growth defect and produced slightly elongated
exponential-phase cells, neither the VI97H nor 1199S mutations affec-
ted growth or morphology (Supplementary Fig. S3A, B). Similarly, LPS
synthesis is significantly decreased to 79% of wt levels in E. coli
IpxAra16c, While it appears unchanged in the other [pxA mutant strains
(Supplementary Fig. S3C). In line with these findings, sensitivity assays
show that [pxAr.i6c Strains are hypersensitive to the LPS inhibitor PF-
04753299, which targets the LpxC enzyme, and also shows an
increased sensitivity to vancomycin, an antibiotic that cannot pene-
trate an intact outer membrane (Supplementary Fig. S3D). The other
IpxA mutant alleles (VI97H and 1199S) remain insensitive to vanco-
mycin, and only I[pxAyi97y is slightly sensitized to LPS inhibition by PF-
04753299 (Supplementary Fig. S3D). These data are confirmed by
in vitro LpxA activity assays that show that LpxA;;9es is almost as active
as wt LpxA, but that LpxAgraisc displays lowered catalytic activity
(Supplementary Fig. S3E). Unfortunately, purified LpxAy;974 proved to
be unstable and its in vitro activity could therefore not be tested.

ObgE and ObgE* directly interact with LpxA

Because several LpxA amino acid substitutions can neutralize the
negative effect of ObgE*, we hypothesized that ObgE* influences LpxA
activity. We, therefore, first checked whether ObgE interacts with LpxA
in vivo using the Bacterial Adenylate Cyclase-Based Two-Hybrid

(BACTH) assay®. As shown in Fig. 4A, ObgE and LpxA indeed interact,
but only when their C-terminal domains are free and available for
binding. In contrast to our expectations, also mutant LpxA proteins
that provide resistance against ObgE* (LpXAvioyn, LpXApgos, and
LpXAra16c) interact with wt ObgkE in vivo (Fig. 4B).

The ObgE-LpxA interaction that was detected in vivo by BACTH
was subsequently confirmed in vitro via chemical crosslinking mass
spectrometry (XL-MS) using the purified LpxA and ObgE or ObgE*
proteins and using the amine-reactive crosslinker disuccinimidyl
suberate (DSS) (Supplementary Fig. S4) and was subsequently quan-
tified via Microscale Thermophoresis (MST) (Fig. 4C-F). Hereto, fixed
concentrations of randomly Cy5-labeled ObgE or ObgE* were titrated
with a concentration gradient of LpxA. Since ObgE and ObgE* are
GTPases that bind GTP, GDP, and ppGpp"®, they are expected to
change conformation and activity based on their nucleotide-binding
state', We, therefore, studied the interaction between LpxA and
ObgkE(*) in the presence of these different nucleotides. For wt ObgE, we
observe a low-affinity interaction with LpxA that is nearly independent
of the ObgE nucleotide binding state, with equilibrium dissociation
constants (Kp) of 47 +8uM, 99 +14 uM and 78 +10 uM for the GDP-,
ppGpp- and GTPyS-bound states of ObgE, respectively. Interestingly,
while ObgE* displays similar low binding affinities in the presence of
GDP and ppGpp, with Kp’'s of 39 +9 uM and 62 + 8 uM respectively, a
drastic increase in binding affinity is observed in the presence of
GTPyS. When bound to this non-hydrolyzable GTP analog, the affinity
of ObgE* for LpxA is increased more than 1000-fold, with a Kp of
8 +1nM. However, GTPyS-bound ObgE* no longer displays this tight

Nature Communications | (2024)15:9684


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53980-1

A Isolation of spontaneous suppressor mutants B Isolation of [pxA suppressor mutants C
Targeted multiple times
Transform obgE™ Introduce 9 P
plasmids to new strain obgE* plasmid S :
Plate s Active site
+ obgE* expression ol ﬁ Q) . ]
/ ‘géf) Sequentf:ing
> > = d \ > > to identify
9 & @ () g resistant
Q) IpxA alleles
Confirm toxicity . . "
of 0bgE™ plasmids misagonasis lrary At
Restreak to confirm
growth with ObgE*
D E
ObgE ObgE*
-~ 20000 p=0.0001 . 10° e KEEK
—_ Qs . —~ T T e )
w = m

_'5 O £ 15000 P — D102 e IR
g 8 é 8 N . g O *kkk
S o 5 10000 ee o o S 104
S Q e =g
h D ca . n o

8 S0 5000 8 10°] szq

e 8¢ Shar

=& 10%
wt V197H 1199S R216C wt V197H 11998 R216C 0 10 100 1000
LpxA variant LpxA variant (IPTG] (M)
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structure is shown (PDB 2jf3). Residues substituted in resistant [pxA mutants are
highlighted in orange. The active site is shown in blue. D ObgE* toxicity is com-
pletely neutralized by selected [pxA mutations. E. coli wt and [pxA mutant cultures
carrying pBAD33Gm-obgE or pBAD33Gm-obgE* were induced with arabinose for
two hours. CFUs/ml were determined, and survival was calculated by dividing
CFUs/ml with ObgE* by those with ObgE. Bar graphs and error bars represent the

ObgE™* + [pxA
overexpression

mean + SEM, number of biological replicates n =4. Ordinary one-way ANOVA with
Dunnett’s multiple comparisons test was performed against the wt control condi-
tion, ***p < 0.0001. E Based on flow cytometry data, the median GFP fluorescence
from P,.;4-GFP was recorded and plotted. Bar graphs and error bars represent the
mean + SEM of these median values, number of biological replicates n > 3. Ordinary
one-way ANOVA with Sidak’s multiple comparisons test was performed to compare
the ObgE and ObgE* condition of each mutant strain to their Vector control. F [pxA
overexpression can neutralize ObgE* toxicity. E. coli carrying pBAD33Gm-obgE or
pBAD33Gm-obgE* and pCA24N-IpxA were induced with arabinose and different
concentrations of IPTG to induce different levels of [pxA expression. Two hours
after induction, CFUs/ml were determined, and survival was calculated by dividing
CFUs/ml with ObgE* by those with ObgE. Bar graphs and error bars represent the
mean + SEM, number of biological replicates n =4. Ordinary one-way ANOVA with
Dunnett’s multiple comparisons test was performed to compare against the wt
control condition without pCA24N-IpxA (thereby also eliminating leaky /pxA
expression), ***p < 0.0001.

interaction with the mutant LpxA proteins, with a Kp of 15+2 uM for
LpxApges and a Kp of 232 +53 uM for LpxAgaec. These data suggest
that ObgE* toxicity is suppressed in these mutants by weakening the
interaction with ObgE* in its GTP-bound state. A similar trend in the
effect of the LpxA mutations is observed for the interaction with wt
Obgk, albeit much less pronounced. For GTPyS-bound wt Obgk, the Kp,
value increases from 78+10uM for wt LpxA to 270+30uM for
LpXAﬂggS and 521+73 }.lM for LDXAR216C~

Table 1| [pxA suppressor mutations that provide resistance
to ObgE*

Mutated Amino Acids

Targeted Residue Spontaneous suppressors Saturation mutagenesis

LpxA N120 / G

LpxA V197 / H W

LpxA 1199 S A K S

LpxA R216 C, S A G KMS WY
LpxA K220 N /

This table shows lpxA mutations (at the protein level) that are expected to provide resistance to
ObgE*. These mutations were either identified in spontaneous suppressor mutants (‘Sponta-
neous suppressors’) or were isolated from the [pxA saturation mutagenesis library (‘Saturation
mutagenesis’).

Since ObgE and LpxA behave as a monomer and homotrimer in
solution, we next wondered whether three molecules of ObgE* bind
the LpxA trimer. To assess the binding stoichiometry, an SEC-MALS
experiment was performed for the LpxA-ObgE* complex in excess of
GTPyS, while the individual proteins were also analyzed as a reference
(Fig. 4G). The molar masses obtained for ObgE* (44 (+ 0.3%) kDa) and
the LpxA trimer (83 +(0.3%) kDa) correspond well to the expected
molar masses for an ObgE* monomer (45kDa) and LpxA trimer
(90 kDa). The molar mass obtained for the ObgE*-LpxA complex (224
(£0.1%) kDa) is in very good agreement with the expected molar mass
for a LpxA trimer bound to three ObgE* monomers (225kDa), con-
firming the 1:1 stoichiometry of the complex.

To obtain a better understanding of the molecular mechanisms
underlying the interaction of ObgE* and LpxA, AlphaFold Multimer was
used to predict a model of the ObgE*-LpxA complex®*®*, Based on our
SEC-MALS results, a 3:3 subunit ratio was used to model three ObgE*
proteins binding to a LpxA trimer®®. The top five solutions generated
by AlphaFold Multimer fall apart in two distinct interaction modes,
represented by models 1 and 2 in Supplementary Fig. S5, with model 1
being the most probable according to the AlphaFold Multimer ranking.
The two models drastically differ in the way ObgE* interacts with LpxA:
while model 1 mainly relies on interactions with the ObgE* G domain
and C-terminal domain, model 2 relies on interactions with the
N-terminal Obg domain and C-terminal domain. Considering that in
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Fig. 4 | ObgE and ObgE* directly interact with LpxA. A Bacterial two-hybrid
(BACTH) assays with ObgE and LpxA in all possible orientations show that these
proteins interact when both are fused at their N terminus. ‘+' and ‘- indicate
positive and negative controls, respectively. B BACTH assays show that ObgE not
only interacts with LpxA wt but also with LpxA mutant proteins, LpXAyio7n,
LpXAp99s, and LpXAgz16c. C-F Microscale thermophoresis (MST) was performed to
measure binding affinities between wt ObgE and wt LpxA in the presence of

[LpxA] (um)

[LpxA] (um)

different nucleotides (C), between ObgE* and wt LpxA in the presence of different
nucleotides (D), between wt ObgE and mutant LpxA proteins in the presence of
GTPyS (E) and between ObgE* and mutant LpXA proteins in the presence of GTPyS
(F). Data points and error bars represent the mean + SEM, n =3. G SEC-MALS con-
firms a 1:1 stoichiometry of the ObgE*-LpxA complex where three ObgE* monomers
bind per LpxA trimer. LpxA concentrations are given as subunit concentrations.

model 1 the G domain of ObgE*, which contains the K268 mutation, is
involved in the interaction with LpxA, we consider model 1 also as the
most biologically relevant, and will use this model for further inter-
pretation. Nevertheless, an experimental ObgE*-LpxA structure would
be required to unambiguously validate this model. In our preferred
model 1, the G domain and B-barrel region of the N-terminal domain of
ObgE* are inserted in between two adjacent subunits of the LpxA tri-
mer, hence partially covering the LpxA active site pocket (Fig. 5A). In
particular, the G domain is within close distance to both the N-terminal
left-handed parallel B-helix (LBH) domain and C-terminal o-helical
domain of an LpxA subunit® %, Interestingly, according to the
AlphaFold model, extensive interactions are mediated via the ObgE*
C-terminal intrinsically disordered domain (aa 340-390)°. A part of this
domain (aa 344 - 356) adopts a coil conformation that inserts deep
into the LpxA active site and significantly overlaps with the UDP-
GlcNAc-binding site while also covering the R-3-hydroxymyristoyl
binding groove, thus providing a structural explanation for the
observed inhibition of LpxA activity (Fig. 5B)*%. A second part of the
ObgE* C-terminal domain adopts an «-helical conformation that
directly stacks to a surface patch of LpxA containing residues V197,
1199, and R216. Mutation of either of these latter 3 residues confers
resistance to ObgE* toxicity, hence providing additional credibility to
the proposed model. A remaining question is how the K268I mutation,
located within the ObgE G domain, can drastically influence the
binding affinity toward LpxA, especially considering that the site of
mutation is located relatively far away from the ObgE*-LpxA binding
interface. Part of the answer to this question is provided by comparing
the AlphaFold models of the complexes formed between LpxA and
ObgE* versus ObgE. Although the exact mechanism underlying this
observation is not entirely clear, this comparison suggests that the
K268I mutation of ObgE* induces a conformational change in the G
domain that brings this domain in closer contact with LpxA, hence
potentially leading to a stronger overall interaction between both
proteins (Fig. 5C). An additional AlphaFold multimer modeling of

complexes formed between several representatives of homologs of
Obg and LpxA belonging to the class of the Gammaproteobacteria
shows that in all tested cases a structure very close to Model 1 is
obtained among the top 5-ranked predictions (Supplementary Fig. S6).
This suggests that the binding of Obg to LpxA is more widely con-
served among the Gammaproteobacteria.

The GTPase ObgE* inhibits LpxA activity when bound to GTP
We next tested if and how the observed interaction between ObgE or
ObgE* and LpxA would influence LpxA’s enzymatic activity. LpxA cat-
alyzes a reversible reaction that, in the forward direction, transfers an
acyl group from acyl-ACP onto UDP-GIcNAc***. When the reaction is
performed in vitro in the presence of ThioGlo, LpxA activity can be
detected by the production of a fluorescent ThioGlo-ACP conjugate
(Fig. 6A)***°, This assay was performed with two separately produced
substrate batches and purified proteins. Like others*, we noticed
strong batch-to-batch variability in our results, which necessitated the
use of different protein concentrations in different assays and pre-
vented us from precisely quantifying the observed effects. However,
because general trends are conserved across batches, we can draw
conclusions on the overall effect of the tested conditions on LpxA
activity, rather than the magnitude of the effect.

Considering that the affinity of the interaction between LpxA and
ObgkE* is strongly increased in the presence of GTP, we assessed the
effect of ObgE* on LpxA catalytic activity when bound to GTP, GDP or
ppGpp (Fig. 6B and Supplementary Fig. S7). Despite strong batch-to-
batch variability, all our repeats demonstrate that ObgE* inhibits LpxA
catalytic activity when bound to GTP (Fig. 6B). Addition of other
nucleotides (GDP or ppGpp) did not consistently alter LpxA activity
(Fig. 6B). In contrast to wt LpxA, the activity of LpxA mutant proteins
LpXApe9s and LpXAgaiec in the presence of ObgE* was not significantly
changed by the addition of GTP or any other nucleotide tested
(Fig. 6B). These results indicate that the increased affinity of GTP-
bound ObgE* for wt LpxA and the associated inhibition of LpxA activity
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Fig. 5| AlphaFold model of the LpxA-ObgE* complex. A One of the two AlphaFold
models (“model 17, see Supplementary Fig. SS for a comparison of the two gener-
ated models) predicts the binding interaction mode of 3 ObgE* molecules to an
LpxA trimer. LpxA is shown in surface representation with each of the subunits in a
different shade of gray, while ObgE* is shown in green (G domain and N-terminal
domain) and orange (C-terminal domain). The position of the K268] mutation of
ObgE* is indicated in yellow sticks. B Zoom-in on the interaction area of LpxA with
the C-terminal domain of ObgE*. The same color code as in (A) is used. The position

of the resistance-conferring LpxA residues (V197,1199, R216) is shown in yellow. The
position of the LpxA active site is indicated by the presence of U20 (uridine-5"-
diphosphate-3-O-(R-3-hydroxymyristoyl)-N-acetyl-D-glucosamine), represented in
magenta sticks and obtained by superposing the AlphaFold model on PDB 2QIA®.
C Superposition of the AlphaFold models predicting the binding to LpxA of ObgE*
(green) and ObgkE wild-type (cyan), respectively, focusing on the observed con-
formational changes in their G domains. The K268 (ObgE wild-type) and 1268
(ObgE*) residues are shown in yellow sticks.

is causal to toxicity. Wt ObgE did not strongly alter the activity of the
LpxA wt or mutant proteins with any of the nucleotides tested (Sup-
plementary Fig. S7).

Based on these in vitro results, we hypothesized that the GTP-
bound form of ObgE* is responsible for toxicity and cell death in vivo.
To confirm this hypothesis, we introduced mutations into obgE* that
are known to change nucleotide binding affinities’>”" (Supplementary
Table S1). As shown in Fig. 6C, preventing all nucleotide binding by
amino acid substitutions N283l and D286Y completely eliminated
toxicity. The apo-form of ObgE* is therefore not harmful to E. coli.
Similarly, decreasing the relative affinity for GTP compared to other
nucleotides (GDP and ppGpp) with amino acid substitutions T193A,
E265K, and S270I allows for strong increases in cell survival (Fig. 6C).
Although we cannot fully exclude that these mutations eliminate
toxicity by effects other than their altered nucleotide affinities, we
previously verified that these non-toxic ObgE* double mutants can
substitute for wt ObgE in supporting E. coli viability, thereby con-
firming that they are properly folded and functional’. In addition, we
show that mutations T1741 and D246G that do not change the relative
affinity for GTP also did not change ObgE* toxicity. Collectively, these
results corroborate our in vitro findings and confirm that, in vivo,
ObgE* needs to be bound to GTP in order to reduce LpxA activity to an
extent that is toxic to E. coli. Isolated LpxA variants that provide
resistance to ObgE* likely do so by weakening the interaction with GTP-

bound ObgE* and thereby alleviating the inhibition of LpxA catalytic
activity.

We next investigated the cellular effects of inhibition LpxA cata-
lytic activity by GTP-bound ObgE*, which is expected to cause defects
in LPS production (Fig. 6A). Indeed, after 2 h of expression, ObgE* has
reduced the amount of LPS detected to 66% of normal concentrations
(Fig. 6D). As expected, this negative effect of ObgE* on LPS was
eliminated by each of the selected [pxA mutations (Supplementary
Fig. S8A). The E. coli BW25113 lab strain that was used for all previous
experiments’ is a K-12 derivative that is defective in O-antigen synth-
esis and only contains the LPS lipid A-core structure”*, We therefore
verified that ObgE* retains toxicity in the uropathogenic E. coli strain
CFT073 (06:K2:H1) that produces LPS with O-antigen polysaccharide”.
Indeed, very strong toxicity was detected in E. coli CFTO73, albeit
slightly decreased compared to the E. coli BW25113 lab strain (Sup-
plementary Fig. S8B). The absence of LPS O-antigen in E. coli BW25113
can, therefore, likely not explain the toxic ObgE* phenotype.

In order to produce lipid A precursors, LpxA consumes UDP-
GIcNAc and B-hydroxymyristoyl-ACP, substrates that can also be used
for respectively the production of peptidoglycan or fatty acids™>"*.
The LpxA enzyme can, therefore, be seen as a hub in the synthesis of
three vital components of the Gram-negative cell envelope; pepti-
doglycan, phospholipids, and LPS. Because GTP-bound ObgE* blocks
LpxA activity in the forward direction (Fig. 6B), it is expected to free up
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Fig. 6 | ObgE* influences LpxA activity and LPS synthesis. A LpxA catalyzes a
reversible reaction that consumes substrates that can also be used for pepti-
doglycan or fatty acid synthesis and produces a compound that can be further
processed into lipid A, the membrane anchor of LPS. LpxA activity can be measured
in vitro by monitoring the production of fluorescent ThioGlo-ACP, a compound
that is produced when the liberated ACP molecule reacts with ThioGlo. B When
bound to GTP, ObgE* reduces LpxA activity in vitro. The effect of different con-
centrations of ObgE* on LpxA activity was tested. Assays were performed with two
different batches of substrate and purified proteins (indicated in the figure). In
batch 1, the influence of 125 nM ObgE* on 10 nM LpxA was tested. In batch 2, LpxA
and ObgE* were used at concentrations of respectively 3 and 7 nM. Results were
normalized to the activity of LpxA,, without the addition of ObgE* or nucleotides.
Bar graphs and error bars represent the mean + SEM, number of biological repli-
cates n=1-3. C Combining the K268l amino acid substitution of ObgE* with other

mutations that were shown to affect nucleotide binding can strongly decrease
toxicity in vivo. CFUs/ml were determined upon expression of obgE*, 0bgE*ry74;,
0bgE*p2466, OBGE 11934, OBZE*£265K, OBSE 52701, ODGE *N2s31, ODGE*p2sey OF Wt 0bgE from
pBAD33Gm. Data are represented as the mean + SEM, number of biological repli-
cates n = 4. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test was
performed against the ObgE* sample, ***p < 0.0001. D ObgE* decreases cellular
LPS content. The effect of ObgE and ObgE* on the amount of LPS found in the cell
was measured using a gel-based assay. Quantitative interpretation of these signals,
normalized to the Vector control sample, shows that ObgE* leads to a decrease in
cellular LPS content. Bar graphs and error bars represent the mean + SEM, number
of biological replicates n=5. A one-sample, two-sided ¢ test was performed to
assess which samples display a normalized LPS content that deviates from one. ACP
acyl carrier protein, GIcNAc N-acetylglucosamine, UDP uridine diphosphate.

precursors for the synthesis of peptidoglycan and fatty acids. How-
ever, we could not detect any increases in peptidoglycan or fatty acid
production upon obgE* expression (Supplementary Fig. S8C, D). On
the contrary, the amount of cellular fatty acids is decreased by ObgE*.

Wt Obgk is involved in the regulation of cell envelope synthesis
through LpxA
Even though we did not detect strong inhibitory effects of wt ObgE on
either LpxA activity or LPS content, this GTPase was shown to interact
with LpxA (both in vitro and upon overexpression in vivo). To inves-
tigate whether this interaction is physiologically relevant, we per-
formed genome-wide CRISPRi screens upon obgE overexpression. In
these screens, we made use of a previously validated pooled E. coli
sgRNA plasmid library™ and transformed this library into E. coli strains
with a chromosomal dcas9 gene under the control of the tight indu-
cible P, promoter and carrying either pPBAD33Gm or pBAD33Gm-0bgE.
We initially induced dcas9 expression in the early exponential
phase and added the inducer of obgE expression 30 min later (Fig. 7A).
Six hours after inducing obgE expression, cell numbers were deter-
mined, the sgRNAs present in the population were sequenced, and
sgRNA frequencies upon obgE overexpression were compared to a
vector control (Supplementary Fig. S9A, B, and Supplementary data 3).
The results from this exponential phase CRISPRi screen showed that,
upon obgE overexpression, a variety of sgRNAs are significantly enri-
ched or depleted. However, apart from ftsH, which encodes the LpxC-

degrading protease FtsH****, no LPS-related genes were found among
the significant hits (Supplementary data 3). Indeed, a KEGG enrichment
analysis failed to show any link between ObgE and the E. coli cell
envelope under these conditions and only identified “oxidative phos-
phorylation” as a process that was significantly enriched among genes
that cause a fitness defect in the presence of excess ObgE (fold
enrichment = 20, p=0.0045).

However, because an effect of obgE overexpression on cell envel-
ope synthesis might be apparent only under specific growth conditions,
we decided to expand our CRISPRi screening efforts beyond the
exponential growth phase. In our stationary phase CRISPRi screen, we
induced the expression of both dcas9 and obgf in the early stationary
phase and maintained this expression overnight. Then, cultures were
diluted into a fresh growth medium containing the inducer of obgE but
not dcas9 (Fig. 7B). dcas9 expression was omitted at this point to not
fully inhibit the growth of strains where expression of essential genes
(including LPS synthesis genes) are targeted. After eight hours of
growth, cell numbers were determined, sgRNAs were sequenced, and
their frequencies were compared (Supplementary Fig. S9C, D and
Supplementary Data 3). This setup allows us to assess fitness benefits or
defects that occur during the stationary phase, lag phase, and/or very
early exponential phase when dCas9 levels are still high. In this screen,
only a small number of sgRNAs are depleted. These few sgRNAs cor-
respond to genes whose expression is important for proliferation when
Obgt is present in excess. These genes are involved in protein secretion
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Fig. 7 | The wt ObgE protein is involved in the regulation of E. coli cell envelope
synthesis. A Schematic representation of the set-up of the CRISPRi screen per-
formed in exponential phase. B Schematic representation of the set-up of the
CRISPRi screen performed in the stationary phase. C KEGG pathway enrichment
results are shown for the comparison of ObgE to vector control in the stationary
phase CRISPRi screen. As input, genes were used for which our gene-level analysis
showed significant enrichment of sgRNAs targeting this gene. Enrichment was
determined by Fisher’s exact test. Two-sided p-values were FDR adjusted. Ara,
arabinose. D Both ObgE and ObgE* synergize with LPS inhibitor PF-04753299. E. coli
carrying pBAD33Gm, pBAD33Gm-obgE, or pBAD33Gm-obgE* were induced with
arabinose, and PF-04753299 was added at a concentration of 1/8x MIC (0.03125 g/
ml). CFUs/ml were monitored for a growth period of 6 h. Data are represented as
the mean + SEM, number of biological replicates n = 3. E E. coli wt and [pxA mutants
carrying pBAD33Gm, pBAD33Gm-obgE, or pBAD33Gm-obgE* were induced with
arabinose and treated with PF-04753299 at a concentration of 1/8x MIC

wt V197H 11998 R216C
LpxA

obgE
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(0.03125 pg/ml for [pxA e, IpxAvi071, IpXAj190s, and 0.0078 pg/ml for [pxAgzisc). After
6 h, CFUs/ml were determined, and survival was calculated by dividing CFUs/ml
with PF-04753299 treatment by those without PF-04753299. Bar graphs and error
bars represent the mean + SEM, number of biological replicates n = 3. Ordinary one-
way ANOVA with Dunnett’s multiple comparisons test was performed against the
IpxAy control condition. F CRISPRi depletion of ObgE using four different sgRNAs
leads to slightly increased LPS levels, similar to depletion of known LPS inhibitors
FtsH and YciM with CRISPRi’*. Quantitative interpretation of this gel-based assay
was performed and values were normalized to the vector control sample. Bar
graphs and error bars represent the mean + SEM, number of biological replicates
n>3. A one-sample, two-sided ¢ test was performed to assess if samples display a
normalized LPS content that deviates from one. Samples were tested individually,
and a sample where all obgE-targeting sgRNAs were taken together was also
considered.

and lead to the identification of “protein export” (fold enrichment =77,
p=0.0376) and “bacterial secretion system” (fold enrichment=46,
p=0.0487) in a KEGG enrichment analysis. On the other hand, a large
number of sgRNAs was found to be significantly enriched, meaning that
inhibiting the expression of corresponding genes increases fitness upon
obgFE overexpression. KEGG-based pathway analysis reveals that the
majority of these genes are involved in cell envelope synthesis since
categories such as “fatty acid biosynthesis”, “peptidoglycan biosynth-
esis”, and “lipopolysaccharide biosynthesis” are significantly enriched
among detected hits (Fig. 7C). These results uncover an undeniable link
between the GTPase ObgE and E. coli cell envelope synthesis.

Encouraged by the detected link between wt ObgE and the E. coli
cell envelope, we set out to interrogate a potential role for wt ObgE in
LPS synthesis in more detail. To do so, we assessed potential growth
defects upon overexpression of wt obgE or obgE* while simultaneously
applying sub-inhibitory concentrations of the LPS inhibitor PF-
04753299 (Fig. 7D). As expected, the addition of PF-04753299
increases toxicity caused by ObgE*, albeit only slightly likely because
the detection of synergy is limited by the emergence of suppressor
mutants that no longer express obgt* (i.e., frameshifts, promoter and/
or stop codon mutations). However, also for wt ObgE, synergy with the
LPS inhibitor can be observed. Importantly, this synergy is dependent
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on LpxA since it is significantly weaker in two out of the three tested
IpxA suppressor mutants (Fig. 7E). This clear LpxA-dependent synergy
indicates that like ObgE*, wt ObgE has the potential to negatively
influence LPS synthesis. However, unlike ObgE*, this effect appears to
be minor and may be subjected to additional levels of control that are
bypassed by the mutation present in ObgE*.

Finally, whereas overexpression of wt obgE did not significantly
alter LPS levels (Fig. 6D), we also assessed the effect of ObgE depletion
imposed by CRISPRi, using four different obgE-targeting sgRNAs™.
dcas9 expression was induced in the exponential phase, and LPS levels
were measured 4 h later. Two out of the four sgRNAs tested led to
significantly increased LPS levels. For the other two sgRNAs, the
observed increase is not statistically significant (Fig. 7F). Under the
same conditions (activation of CRISPRi for 4 h starting in exponential
phase), targeting the known LPS inhibitors FtsH or YciM* leads to
increases in LPS levels that are highly similar to what is observed for
obgE depletion (Fig. 7F). Because decreasing cellular ObgE levels
appear to increase LPS production, these results indicate that wt ObgE
might be capable of negatively regulating LPS production like ObgE*
does. Collectively, our results, therefore, support a role for wt ObgE in
the regulation of LPS synthesis through modulating LpxA activity,
although further research is needed to firmly establish this type of LPS
regulation.

Discussion

Collectively, our results point to the existence of a previously unknown
mechanism for the regulation of LPS synthesis in E. coli. More speci-
fically, we suggest that the GTPase ObgE regulates LPS synthesis by
directly interacting with LpxA and thereby modulating LpxA’s enzy-
matic activity under specific conditions. The ObgE amino acid K268
appears to be crucial in this regulatory mechanism since mutating this
lysine residue to isoleucine in ObgE* leads to constitutive inhibition of
LpxA when ObgE* is bound to GTP.

Our data demonstrate that Obgk directly interacts with LpxA both
in vitro and in vivo. This protein-protein interaction is characterized by
a Kp of 50-100 uM, depending on the nucleotide binding state of
ObgE. However, we show that the K268l amino acid substitution in
ObgE* strongly impacts this interaction, leading to affinities that are
increased more than 1000-fold, but only when ObgE* is bound to GTP.
In the presence of other nucleotides (GDP or ppGpp), the affinity of
ObgE* for LpxA remains unaltered compared to wt ObgE. The
observed changes in the ObgE*-LpxA interaction can explain why
ObgkE* is highly toxic to E. coli. The tight interaction with GTP-bound
ObgE* prevents LpxA catalytic activity and leads to a decrease in LPS
synthesis. This LPS deficit triggers the Rcs cell envelope stress
response and also causes cell death independently of Rcs activation.

Resistance to ObgE* toxicity can be obtained in a variety of ways.
First, decreasing GTP binding strongly increases survival, thereby
highlighting the impact of GTP binding on the function and char-
acteristics of ObgE*. Second, resistance can be obtained by over-
expressing [pxA, likely because of titration of the toxic ObgE* and
liberation of unbound and, therefore, active LpxA proteins. Third,
several specific mutations in [pxA can provide resistance. Although we
tested the impact of physiological levels of over 5000 LpxA variants
carrying all possible single amino acid substitutions, only a very limited
number was able to counteract ObgE* toxicity. We believe it is likely
that some resistant LpxA variants were missed by our analysis since the
sequencing depth provided by PacBio was likely insufficient to pick up
all relevant mutations. Nonetheless, it is clear that only a small number
of [pxA alleles can rescue cells from ObgE*. Interestingly, all but one of
the detected mutations are clustered together in the LpxA protein
structure at a location that is predicted to be important in the inter-
action with ObgE*. We thoroughly characterized three representative
LpxA variants and show that they provide resistance to ObgE* by sig-
nificantly weakening the interaction with the GTP-bound version of

this mutant GTPase. As a result, the cell can maintain normal LPS levels
and survive, even in the presence of GTP-bound ObgE*. Interestingly,
these LpxA mutant proteins also show a decreased binding affinity to
wt Obgk, indicating that the ObgE* and ObgE interaction with LpxA is
highly similar.

Intriguingly, none of the LpxA variants characterized here provide
resistance to ObgE* by completely eliminating the ObgE-LpxA inter-
action. Rather, they reduce the increased affinity for GTP-bound ObgE*
back to levels comparable to the interaction with wt ObgE. Although
further investigation is necessary to draw strong conclusions, it is
tempting to speculate that completely abolishing the interaction
between ObgE and LpxA is not a viable option for E. coli and that
regulation of LpxA activity by ObgkE is needed to properly control LPS
synthesis. Because both up- and downregulation of LPS synthesis are
detrimental to the cell”’, we believe it is possible that ObgE is needed to
prevent overproduction of LPS by limiting LpxA activity under
appropriate conditions. However, other explanations can be put for-
ward. For example, it is possible that mutations in [pxA that abolish the
interaction with ObgkE also directly interfere with substrate binding,
catalysis, and/or protein stability.

Although further investigation is necessary to conclusively show if
and under which conditions wt ObgE regulates LpxA activity, we here
present strong indications for the involvement of this universally
conserved GTPase in the regulation of cell envelope synthesis in E. coli.
Apart from the direct interaction between ObgE and LpxA, we show
that overexpression of wt obgF increases the sensitivity of E. coli to the
LPS inhibitor PF-04753299 in an LpxA-dependent manner. In addition,
depleting ObgE leads to small increases in cellular LPS levels. Both
results hint at a biological role for ObgE in limiting LPS production
in vivo. Moreover, our genome-wide screening efforts tightly link wt
ObgE to cell envelope synthesis. Indeed, we show that when Obgk is
present in excess, cells experience a fitness benefit when down-
regulating genes involved in the synthesis of fatty acids, peptidogly-
can, and LPS. Although these findings strongly implicate ObgE in the
regulation of cell envelope synthesis, they are somewhat contrary to
our expectations that Obgk, like ObgE*, could block LPS synthesis by
inhibiting LpxA activity. On the other hand, the fact that Obgk is linked
to the production of phospholipids, peptidoglycan, and LPS is in line
with a potential effect on LpxA, which serves as a hub in the synthesis
of these three envelope components®>"*5,

Whatever the effect of ObgE on the cell envelope may be, it is
likely subtle, transient, and/or condition-dependent, thereby pre-
venting us from detecting large changes in LPS content in standard
growth conditions. In addition, when studying the effect of wt ObgE on
LpxA activity in vitro, we could not detect any significant changes. We,
therefore, suspect that regulation of LpxA by ObgkE in vivo is more
complex and takes into account additional regulatory input besides
only the nucleotide-binding state of ObgE (e.g., additional interaction
partners, ligands, etc.). In this regard, it is interesting to note that LpxA
was recently found to be anchored to the membrane by LapB in a
multi-component network that also contains the LPS biosynthesis
enzymes LpxC and LpxD and the phospholipid biosynthesis enzyme
FabZ”. This finding indicates that additional input regulating the nat-
ure of the interaction between LpxA and ObgE may very well exist. Our
CRISPRi screens indeed indicate that the link between ObgE and the
cell envelope can only be detected under specific conditions. Clearly,
further research will be necessary to confirm if, when, and how ObgE
influences cell envelope synthesis. In addition, since ObgE is mostly
known to affect ribosome assembly and activity>*>’, it will be inter-
esting to determine whether both functions of this GTPase are related.
If so, ObgE could function in coupling cell expansion to protein
synthesis and thereby bridge these two vital aspects of cellular growth.

The reaction catalyzed by LpxA is thermodynamically unfavorable
and reversible***?!, LpxA activity can be nudged towards the pro-
duction of lipid A by the next step in the synthesis pathway, which is
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catalyzed by LpxC?**. Since LpxC catalyzes the committed step and is
subjected to tight regulation®, it is generally assumed that LpxC
represents the first point of control in the LPS synthesis pathway.
However, it was recently demonstrated that LpxA activity can be
altered by RnhB and ppGpp**. We here now show that LpXA activity can
also be drastically affected by ObgE* and is likely also altered by wt
ObgE under appropriate conditions. Our data, therefore, highlight the
cellular potential to regulate LPS synthesis at the level of LpxA prior to
the committed step executed by LpxC, and thereby reveal a novel
point of control in this biosynthetic pathway that is essential to the vast
majority of Gram-negative bacteria.

Methods

Bacterial strains and growth conditions

Experiments were performed with E. coli BW25113”" and derivatives
unless mentioned otherwise. obgE and obgE* were expressed from the
Pg4p promoter of pBAD33Gm*. Whenever single-gene deletion
mutants from the Keio collection were used”’, the kanamycin resis-
tance cassette was first removed by transformation of pCP207%, which
in turn was cured prior to performing further experiments. CRISPRi
experiments were performed with E. coli MG1655 dcas9, which was
constructed using the integrative pLC143 plasmid’®. This plasmid
contains an FLP-excisable integration module consisting of an
integrase-coding region and a kanamycin-resistance cassette. Upon
transformation into E. coli MG1655 AaraBAD and growth at 37 °C, the
plasmid integrated into the chromosome at the ileY attB site. After-
wards, the integration module was excised by expressing the FLP
recombinase from the temperature-sensitive pE-FLP plasmid, by
transforming pE-FLP into the strain and culturing at 30 °C. Finally, the
pE-FLP plasmid was cured by culturing at 42 °C”. All strains and plas-
mids used in this study are listed in Supplementary Table S2.

Strains were grown in lysogeny broth (LB) containing the appro-
priate antibiotics (ampicillin 100 pg/ml, carbenicillin 100 pg/ml,
chloramphenicol 35 pg/ml, gentamicin 25 ug/ml, kanamycin 40 pg/ml)
and incubated at 37°C. Liquid cultures were incubated with con-
tinuous shaking at 200 rpm. Plates were supplemented with 1.5% agar.
Expression from the Pg,4p promoter was induced with 0.2% w/v arabi-
nose. Expression from P, promoters was done with O mM IPTG
(pQESOL and pTargetF_lac_sgRNA, leaky expression), 10uM IPTG
(pMDeg02), 0.5mM IPTG (pKT25, pKNT25, pUT18, pUT18C), 1mM
IPTG (pET28a) or various IPTG concentrations (pCA24N). Expression
from the P, promoter was induced with 100 ng/ml aTc.

L-forms were created in an osmoprotective environment pro-
vided by pads of LM medium (100 g sucrose, 1g MgSQy,, 18.5 g brain
heart infusion, 500 ml dH,0) with 1% agarose®. LM pads were sup-
plemented with 400 ug/ml fosfomycin to trigger the transition into the
L-form state by degrading the cell wall and simultaneously stimulating
excess membrane synthesis”~’. Also, 25 ug/ml gentamicin was added
to LM pads to prevent plasmid loss. Where appropriate, additional
supplements were added as indicated in the text. Pads containing
L-forms were incubated at 30 °C.

Plasmids generated in this study were constructed in the follow-
ing ways. pET28a-lpxA was constructed by amplifying the [pxA ORF
through PCR with primers BD1&2, using a pBAD-IpxA plasmid as a
template. The PCR product was subsequently inserted within the Ndel
and EcoRl restriction sites of a pET28a vector. pQES8OL-obgE*mCherry
was constructed by restriction with Sacl-HF HindlIlI-HF and T4 ligation.
The obgE*mCherry insert was obtained by PCR amplification with
primers SPI10499&10500 from pBAD/His A-obgE*mCherry. The
bacterial-two-hybrid plasmids pKT25-0bgE, pKNT25-0bgE, pUT18-0bgE,
and pUTI8C-obgE were constructed by restriction with BamHI and
Kpnl and T4 ligation. The obgf insert was obtained by PCR amplifica-
tion from the E. coli BW25113 genome using primer pairs P209&210 (for
pKT25 and pUT18C) or P211&212 (for pKNT25 and pUTIS8). The K268l
mutation was introduced into pET28a-obgE* by PCR with mismatch

primers SPI10930&10931 containing the desired mutation. Similarly,
pEnga'lpr[qgﬂ./, pETzsa'[pXAuggs, pETZSa-leARzMO pUT].SC‘
IpxAy;971, PUTI8C-IpxA 1005 and pUT18C-IpxArzisc Were constructed by
PCR with mismatch primers starting from either pET28a-[pxA or
pUT18C-IpxA. Primer pairs used were P213&214 for [pxAgz;6c, P215&216
for IpxAj;00s, and P217&218 for IpxAy;o7y. All primer sequences are
shown in Supplementary Table S3.

CFU measurements

The numbers of CFUs per ml were measured by preparing serial dilu-
tions in 10 mM MgSO, that were plated on solid LB medium using the
Eddy Jet spiral plater (IUL Instruments). After overnight incubation at
37°C, colonies were counted, and the number of CFUs per ml was
calculated by the Flash and Grow Automatic Colony Counter (IUL
Instruments).

For most ObgE* toxicity measurements, overnight cultures were
diluted 100 times and grown for 2 h prior to induction of obgE or obgE*.
Induction was maintained for 2 h, after which CFUs were determined.
Survival was calculated by dividing the number of CFUs per ml
obtained upon obgE* expression by those obtained upon over-
expression of wt obgkE. For Fig. 1A, CFUs per ml were determined at
several time points after induction was performed. To assess poten-
tially small differences in growth caused by [pxA mutant alleles, over-
night cultures were diluted 1000x, and CFUs were measured at several
time points after this dilution step (Supplementary Fig. S3A). To assess
the potentially small effects of obgE overexpression on LPS synthesis,
overnight cultures were diluted 100x and grown for 2h before
expression of obgE or obgE* was induced with 0.2% arabinose. At this
time point, the LPS inhibitor PF-04753299 was or was not added to
cultures at a concentration of 1/8x MIC (0.03125 ug/ml for IpxA,,,
IpxAyio71, IpXAj190s and 0.0078 ug/ml for IpxAgzisc). At several time
points after induction, CFUs were measured (Fig. 7D, E).

RNA-sequencing

RNA-sequencing was performed on E. coli ArecA carrying plasmids
pBAD33Gm, pBAD33Gm-obgE, or pBAD33Gm-obgE*. A ArecA mutant
strain was initially used to prevent any potential interference of RecA
and the SOS response, which we later found do not play a role in
toxicity (data not shown). Overnight cultures were diluted 100x, grown
for 2 h, and then induced with 0.2% arabinose for 1 h. All growth steps
were performed at 37 °C. 20 ml of each culture was added to 4 ml
fixation fluid (5:100 phenol in ethanol) and immediately frozen by
submersion in liquid nitrogen. Frozen samples were stored at — 80 °C.
After thawing on ice, samples were centrifuged (3750 xg, 30 min, 4 °C),
and 5 ml TE buffer with 100 mM NaCl was added to cell pellets.

After vortexing, cells were collected by centrifugation (3750 x g,
5min, 4 °C), and pellets were dissolved in 1 ml trizol. Cell suspensions
were transferred to screw cap microcentrifuge tubes filled with sterile
sand and small glass beads. Mechanical lysis was performed by the
Precellys®24 (Bertin Corp.) in 2 cycles of 45sec at 6500 rpm with a
30 sec break, after which cells were incubated for 10 min at room
temperature. Interphase-protein contamination was removed by
Phase Lock Gel™ (QuantaBio, VWR). Spin cartridges of the PureLink®
RNA Mini kit (ThermoFisher Scientific) were used for RNA purification,
and the remaining DNA was degraded by the TURBO DNA-free™ kit
(ThermoFisher Scientific). The concentration and purity of RNA sam-
ples were determined using Nanodrop (ThermoFisher Scientific),
Qubit (ThermoFisher Scientific), and Experion™ RNA StdSens analysis
(Bio-Rad). rRNA was depleted, and libraries were prepared using the
TruSeq® Stranded Total RNA kit (Illumina) at the EMBL GeneCore
(Heidelberg, Germany). The cDNA libraries were multiplexed and
subjected to 50-cycle single-end massive parallel sequencing with the
lllumina HiSeq2000 (GeneCore, EMBL, Heidelberg). The sequencing
data were uploaded to the Galaxy web platform, and we used the
public server at galaxy.be for analyses®. Reads were trimmed by
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Trimmomatic®? using sliding window trimming and a PHRED threshold
score of 20. Quality assessment was done with FastQC®. Reads were
then mapped on the E. coli K12 MGI1655 reference genome
(NC_000913.3) using Bowtie2®* with standard settings. The quality of
mapping was evaluated using Qualimap®. HTSeq-count®® was used to
get read counts per gene, after which differential expression was
determined by DESeq2¥ in R. Gene ontology enrichment analyses were
performed using the online Gene Ontology Resource platform that is
coupled to the PANTHER classification system analysis tool®**°. Genes
that were significantly (p <0.01) up- or downregulated by ObgE* in
comparison to both the Vector control and overexpression of wt obgE
were used as input. As a reference gene list, all genes that generated
non-NA values in the DESeq2 comparisons were used. A PANTHER
analysis was performed to identify biological processes that are over-
represented as defined by Fisher’s exact test using FDR-corrected p
values. The significance cut-off was set at an adjusted p value < 0.05.

Measurements of expression levels

To determine the P,.4 promoter activity (Figs. 1D, E, and 3E), we made
use of the pMS201-P,.s4-gfp plasmid from the E. coli promoter fusion
library”. E. coli BW25113 carrying plasmid pBAD33Gm, pBAD33Gm-
obgE or pBAD33Gm-obgE* was co-transformed with pMS201-P,s4-gfp.
Resulting colonies were grown overnight, diluted 100x in selective LB
medium, grown for 2 h, induced with 0.2% w/v arabinose and incu-
bated for 2 h. Cultures were then diluted 1000x in PBS and measured
using a CytoFLEX S instrument (Beckman Colter Life Sciences)
equipped with 405 nm, 488 nm, and 561 nm lasers. To generate Figs. 1E
and 3E, the population-wide median GFP value was recorded for >3
independent biological repeats. The mean+SEM of these median
values is shown.

Microscopy experiments and analyses

All microscopy analyses were performed using a Nikon Ti-E inverted
microscope equipped with a DS-Qi2 CMOS camera and temperature-
controlled cage incubator. The Objective Plan Apo A 100x oil Ph3 DM
with NA 1.45 was used. mCherry was recorded with the mCherry-B filter
cube with an exposure time of 100 msec and a gain of 74.1x. GFP was
recorded with the GFP-4050B filter cube with an exposure time of 200
msec and gain 13.9x. mTurquoise2ox was recorded with the CFP-2432C
filter cube with an exposure time of 100 msec and gain of 20.9x.

For snapshot analyses of walled E. coli cells performed at discrete
time points (Supplementary Fig. S3B), cells were spotted onto pads of
10 mM MgSO, with 2% w/v agarose. Quantitative analysis of cell length
was performed using Microbe)®.

For analyses of E. coli L-forms (Fig. 2 and Supplementary. Fig.S2),
cells from overnight cultures were spotted onto pads of LM medium
supplemented with 400 pg/ml fosfomycin, 25 ug/ml gentamicin and
0.2% w/v arabinose. When using cytoplasmic and periplasmic fluor-
escent markers (Fig. 2E), overnight cultures were first diluted into LB
medium with appropriate antibiotics and supplemented with 10 yM
IPTG to allow for the expression of the fluorescent markers. After
incubating these cultures for 3 h at 37 °C with continuous shaking, cells
were spotted on LM pads as described above. In this case, 10 uM IPTG
was added to the pads. For time-lapse experiments (Fig. 2A, C, D, E, and
Supplementary Fig. S2B), L-forms were grown for 18 h at 30 °C and
pictures were taken every 10 min. Quantitative analyses of L-form
proliferation were performed manually (Fig. 2B). For a growth period
of 10 h, the number of successful L-form divisions per time window of
2 h was counted. A successful L-form division was defined as a fission
event where at least one of the progeny L-forms was able to survive for
a minimum of 20 min after the division event. For each time window,
the number of successful divisions was normalized to the number of
intact L-forms present at the start of the time window. For quantitative
measurements of ROS production in L-forms (Supplementary
Fig. S2A), cells were spotted onto control pads and pads supplemented

with the following mix of scavengers: 100 uM MnTBAP, 0.5% v/v DMSO,
10 mM sodium pyruvate. Cells were incubated for 4 h at 30 °C after
which GFP fluorescence (expressed from Pgy,) was recorded. Using
Microbe], the mean GFP fluorescence per L-form (i.e., corrected for cell
size) was corrected for background fluorescence. The 2-stage lysis
phenotype was quantified manually (Supplementary Fig. S2C). Only
cells that successfully transitioned into L-forms, i.e., cells that adopted
the characteristic round morphology, were taken into account.

For the analysis and statistical comparison of microscopic prop-
erties (i.e., GFP fluorescence (Supplementary Fig. S2A) or cell size
(Supplementary Fig. S3B)) across different mutants and/or conditions,
the following approach was used”. For every mutant or condition, the
relevant property was measured in 3 biologically independent repeats.
For every repeat, at least 50 cells were recorded and the median
property value of these >50 cells was determined in each biological
repeat. These median values were used to calculate the mean and SEM
values that are shown in Supplementary Figs. S2A and S3B. The median
values of each repeat were also used to determine any statistically
significant differences using ordinary one-way ANOVA with Dunnett’s
multiple comparisons test.

Suppressor mutants

Spontaneous suppressor mutants were generated starting from £. coli
BW25113 carrying pBAD33Gm-obgE*venus and pQES8OL-obgE*
mCherry. Overnight cultures were plated on a selective medium con-
taining 0.2% w/v arabinose and O uM IPTG (for production of obgE*
mCherry from pQE8SOL, we relied on leaky expression). After overnight
incubation, colonies that displayed both yellow and red fluorescence
were transferred to new selective LB plates with 0.2% w/v arabinose.
Plasmids from strains that were able to grow and that retained fluor-
escence were purified and transformed into a fresh E. coli BW25113
background. Transformants were first plated on a selective LB medium
without arabinose and were then transferred to a selective medium
with 0.2% w/v arabinose. Plasmids that, in this fresh E. coli background,
still confer toxicity in the presence of arabinose, were isolated from
strains that are resistant to ObgE* due to genomic alterations. These
strains were selected for further analysis by whole-genome sequen-
cing. Genomic DNA was isolated from selected strains by the DNeasy
Blood & Tissue kit (Qiagen), and the concentration and purity of DNA
were determined. Libraries were prepared at the EMBL GeneCore
(Heidelberg, Germany) using the NEBNext kit with an average insert
size of 200 bp. The DNA libraries were multiplexed and subjected to
100-cycle paired-end massively parallel sequencing with the Illumina
HiSeq2000 (GeneCore, EMBL, Heidelberg). CLC Genomics Workbench
version 7.6 (www.qiagenbioinformatics.com) was used for analysis of
the sequences. Following quality assessment of the raw data, reads
were trimmed and mapped to the E. coli MG1655 reference genome
(NC 000913.1) using the CLC Assembly Cell 4.0 algorithm yielding an
average coverage of ~150x. To obtain sufficient coverage, some sam-
ples were sequenced twice, and both fastq files were used for mapping.
Finally, mutations in all samples were detected using the CLC Fixed
Ploidy Variant Detector. We focused on variant calling for non-
synonymous changes in open reading frames and did not report indels
in our supplementary data set.

To identify additional [pxA mutations that confer resistance to
ObgE*, we selected suppressor mutations from an [pxA saturation
mutagenesis library. This saturation mutagenesis library was con-
structed as done previously, using high-throughput CRISPR-based
editing provided by the Onyx® Digital Genome Engineering platform®.
Briefly, repair templates were designed using Inscripta’s Designer
software (development version) so that each amino acid would be
replaced by every other amino acid and so that every codon would be
replaced by a synonymous codon (if a synonymous codon exists).
Besides the desired mutation, each oligo may also contain one or more
synonymous edits that prevent re-cutting by eliminating the PAM site
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and/or introducing edits that interfere with cutting. For each mutation
present in the repair template, the most frequently used available
codon was chosen. The repair template and corresponding sgRNA
were cloned in bulk into a high-copy plasmid backbone. Saturation
mutagenesis was performed on the Onyx® Digital Genome Engineering
Platform, a fully automated instrument that uses the MAD7 nuclease, a
type V CRISPR nuclease, to generate multiplexed genome-engineered
libraries. 1 ml of an overnight E. coli culture was prepared using the
Onyx® E. coli Edit Competency Kit and placed into the Onyx® instru-
ment that performed the genomic editing using the OnyxWare pro-
gram K-strain v1.1. The resulting pool of edited cells was collected from
the instrument and transformed with pBAD33Gm-obgE*. Transformed
mutant pools were grown in the presence of 0.2% w/v arabinose for
20 hintriplicate. The IpxA genes present after selection were amplified
using forward and reverse primers LD1 and LD2 and subjected to
PacBio sequencing. This resulted in + 18,000 reads per library, which,
considering an editing efficiency of 5% and + 5700 edits, corresponds
to + 0.16 expected reads per mutant. This limiting read depth indicates
that low-frequency variants might be missed. However, [pxA alleles
that provide resistance against ObgE* are expected to strongly
increase in frequency during our selection step, thereby enabling their
identification using PacBio sequencing. Those [pxA alleles that were
detected with a summed read count of 5 or higher across the three
replicates were identified as potential suppressor mutations.

Selected IpxA suppressor mutations (i.e., VI97H, 1199S, and
R216C) were introduced into a fresh E. coli BW25113 background for
further analyses. To do so, [pxA mutant alleles were amplified using
primers LD3 and LD4 and introduced into E. coli ArnhB using CRISPR-
FRT*. Successful mutant construction was confirmed by Sanger
sequencing of the [pxA gene. Because the IpxAy;97; mutant allele was
isolated from the IpxA saturation mutagenesis library, also synon-
ymous PAM mutations were transferred (see above).

Spot assays

To determine sensitivities to different compounds (Supplementary
Fig. S3D), serial dilutions of overnight cultures were prepared in 10 mM
MgSO0y,. 10 ul of dilutions 107 to 10”7 were spotted onto LB agar plates
supplemented with 0.05 pg/ml PF-04753299, 25 ug/ml vancomycin or
no additional compounds (control). After overnight incubation at
37 °C, pictures were taken.

Bacterial Adenylate Cyclase-Based Two-Hybrid (BACTH) assays
Bacterial two-hybrid assays were performed as described previously”.
Expression plasmids pKT25, pKNT25, pUT18, and pUT18C with differ-
ent gene inserts were transformed to E. coli DHMI in several different
combinations that allow for testing protein-protein interactions in
distinctive conformations. Single colonies were dissolved in 50 ul 0.9%
NaCl, and 3l of cell suspension was spotted onto agar plates of
M63 minimal medium supplemented with 0.5 mM IPTG, 40 pg/ml X-
Gal, 50 mg/ml ampicillin and 25 mg/ml kanamycin. Plates were incu-
bated at 30 °C for up to 7 days. As a negative control, the combination
of empty plasmids pKT25 and pUT18C was tested. As a positive con-
trol, plasmids pKT25-zip and pUTI8C-zip that together encode the
leucine zipper of GCN4 were combined.

Protein purification

The expression and purification of the N-terminally Hisq-tagged ObgE
and ObgE* proteins were performed as previously described®. Briefly,
the proteins were expressed from a pET28a vector (Novagen) in E. coli
BL21 (DE3) pLysS cells or E. coli BL21(DE3) I[pxAgzisc pLYSS cells in the
case of ObgE*. The proteins were purified on a HisTrap FF column
(5ml, Cytiva), after which an alkaline phosphatase treatment was
performed to obtain nucleotide-free protein. Subsequently, the alka-
line phosphatase was removed through anion exchange using a HiTrap
Q HP column (5 ml, Cytiva). Finally, the protein was dialyzed to storage

buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl,, 2 mM DTT, 5
% glycerol), flash frozen in liquid nitrogen, and stored at — 80 °C.

All LpxA protein constructs were expressed in E. coli BL21 (DE3)
pLysS cells in Terrific Broth (TB) medium at 37 °C and 120 rpm. After
reaching an ODggonm Of 0.6, protein expression was induced by adding
1mM IPTG, while the cultures continued to grow overnight at 25°C
and 120 rpm. The cells were then collected by centrifugation and
resuspended in lysis buffer (20 mM HEPES (pH 7.5), 300 mM NaCl,
10 mM imidazole, 5mM B-mercaptoethanol, 5% glycerol) containing
50 ug/ml DNase, 0.1 mg/ml AEBSF and 1ug/ml leupeptin. After lyzing
the cells using a cell disruptor system (Constant Systems) and clearing
the lysate through centrifugation, the lysate was applied to a HisTrap
FF column (5ml, Cytiva) equilibrated in buffer A (20 mM HEPES (pH
7.5), 1M NaCl, 10 mM imidazole, 5mM f-mercaptoethanol, 5% gly-
cerol). The column was extensively washed with buffer A before elut-
ing the protein with a linear gradient of buffer B (20 mM HEPES (pH
7.5), 300 mM NacCl, 500 mM imidazole, 5 mM B-mercaptoethanol, 5%
glycerol). Size exclusion chromatography was performed as a final
purification step using a Superdex 200 26/60 column (GE Healthcare)
equilibrated in 20 mM HEPES (pH 7.5), 200 mM NaCl, 1 mM DTT, and
5% glycerol. The purified LpxA proteins were flash-frozen in liquid
nitrogen and stored at — 80 °C.

Chemical crosslinking and MALDI-TOF MS/MS analysis

ObgE, ObgE*, and LpxA were dialyzed in a buffer containing 20 mM
HEPES (pH 7.5),150 mM NacCl, 5 mM MgCl,, 5% glycerol, and 2 mM DTT.
Next, 20 uM LpxA was mixed with 40 uM of ObgE or ObgE*, in presence
of either 1ImM of GDP or GTPyS and crosslinked with 1mM of dis-
uccinimidyl suberate (DSS). As a control, a similar crosslinking reaction
was performed using each of the proteins individually. After 10 min,
the reactions were stopped by adding Tris (pH 7.5) at a final con-
centration of 50 mM, followed by dialysis to remove the reagents. The
samples were loaded on SDS-PAGE, and, after excision, the bands of
interest were subjected to in-gel digestion with trypsin and Protease-
Max™ surfactant, both obtained from Promega (Maddison, WI, USA),
following the manufacturer’s instructions. The samples were measured
two times: once immediately after digestion and once after ZipTIPC18
purification. Matrix Assisted Laser Desorption lonization — Time of
Flight MS and MSMS data were acquired on an Ultraflextreme
enhanced MALDI TOF/TOF-MS system (Bruker Daltonics, Bremen,
Germany) using FlexControl 3.4 acquisition software (Bruker). In MS
mode, spectra were measured in the positive reflector mode within a
mass range of 700 to 4000 m/z. Up to 5000 shots were acquired with a
laser repetition rate of 2000 Hz and 200 shots per raster spot. All MS
spectra were analyzed and processed using FlexAnalysis 3.4 (Bruker).
Peaks were detected by means of the Snap peak detection algorithm
and a signal-to-noise ratio of at least 3. All spectra were externally
calibrated by means of the cubic enhance mode (min 6 points) within a
range of 757 to 3147 Da. The acquired peak lists were subjected to a
peptide mass fingerprint (PMF) search with BioPharma Compass 4.0.1
(Bruker) and the MASCOT server 2.8.2 (MatrixScience). In the MS-MS
mode, spectra were acquired using the LIFT method provided by the
manufacturer. Concretely, up to 4000 shots were acquired with a laser
repetition rate of 1000 Hz for the fragment ions and 1000 shots at
2000 Hz for the precursor ion. All MSMS spectra were baseline sub-
tracted by means of the TopHat Algorithm and smoothed. Peak finding
was performed with the Snap algorithm. Subsequently, MS/MS-spectra
acquired from three sample spots (technical replicates) were compiled
and subjected to database searches using BioPharma Compass 4.0.1
(Bruker) and the MASCOT server 2.8.2 (MatrixScience).

Microscale thermophoresis (MST)

The ObgE and ObgE* proteins were fluorescently labeled using sulfo-
Cyanine5 NHS ester (Lumiprobe), by incubating 1 mg/ml of protein
with an 8-fold molar excess of the sulfo-Cyanine5 NHS ester at room
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temperature in a buffer containing 20 mM HEPES (pH 7.5), 150 mM
NaCl, 5mM MgCl,, 5 % glycerol, and 2 mM DTT. After 30 minutes, the
reaction was stopped by adding 1M of Tris (pH 7.5). The labeled pro-
tein was separated from the excess of the fluorophore by size exclu-
sion chromatography using a Superdex 200 10/30 column (GE
Healthcare) equilibrated in MST buffer (20 mM HEPES (pH 7.5),
150 mM NacCl, 5 mM MgCl,, 1mM DTT & 0.1% Tween-20).

All MST measurements were performed using a Monolith NT.115
instrument (NanoTemper Technologies) at 25 °C, Monolith Premium
Capillaries (NanoTemper Technologies), and MST buffer supple-
mented with 0.2% BSA. The LED and Laser power were both fixed at
50%, while the laser on and off times were set at 30 s and 5s, respec-
tively. To determine the affinity between ObgE and LpxA WT in the
presence of different nucleotides, 50 nM of Cy5-labeled ObgE was
incubated with a 2:1 serial dilution of LpxA WT starting at a maximum
concentration of 250 uM. This was done in the presence of 200 uM
GDP, ppGpp, or GTPYS. In the case of ObgE*, the affinity for LpxA WT in
the presence of 200 uM GDP and ppGpp was determined by incubating
60 nM of Cy5-labeled ObgE* with a 2:1 serial dilution of LpxA WT
starting at 250 uM (LpxA subunit concentration). To determine the
affinity in the presence of 200 uM GTPYS, 20 nM of Cy5-labeled ObgE*
was incubated with a 1:1 serial dilution of LpxA WT starting at 3 uM
(subunit concentration). The affinity of ObgE for the LpxA 1199S and
LpxA R216C mutants in the presence of GTPyS was determined by
incubating 75 nM of Cy5-labeled ObgE with a 2:1 serial dilution of the
LpxA mutants starting at 1000 uM (subunit concentration). The affinity
of ObgE* for the LpxA 1199S and LpxA R216C mutants in the presence
of GTPyS was determined by incubating 60 nM of Cy5-labeled ObgE*
with a 2:1 serial dilution of LpxA 1199S starting at 250 uM (subunit
concentration) or a 4:1 serial dilution starting at 500 uM (subunit
concentration) in case of LpxA R216C. All measurements were per-
formed in triplicate.

The MST traces were analyzed at the 2.5 s time point after the laser
was turned on. The normalized fluorescence values (Fnorm) Were
plotted against the LpxA subunit concentration and fitted on the
quadratic binding curve to obtain a value for the equilibrium dis-
sociation constant (Kp).

Multi-angle light scattering (MALS)

For SEC-MALS, a Superdex 200 5/150 GL increase column (Cytiva) was
coupled to an HPLC Alliance system (Waters) equipped with a 2998
PDA detector (Waters), a TREOS Il MALS detector (Wyatt Technology)
and a RI-501 refractive index detector (Shodex). Samples of ObgE* and
LpxA separately were prepared at a final concentration of 26 uM. For
the LpxA-ObgE* complex, the proteins were pre-mixed at respective
(subunit) concentrations of 26 uM and 39 uM and incubated on ice in
the presence of 500 uM GTPyS before injection. For each sample, 50 pl
was injected, and 20 mM HEPES pH 7.5, 200 mM NaCl, 5 mM MgCl,, 5%
glycerol, and 2mM DTT were used as running buffer at a flow rate of
0.2 ml/min. The Astra 7.3.0 software (Wyatt Technology) was used to
analyze the data. A BSA sample (1 mg/ml) was used to normalize and
align the signals of the different detectors and to account for any band-
broadening effects before further analyzing the other runs. A dn/dc
value of 0.1850 ml/g was used.

In vitro LpxA activity measurements

A previously described in vitro fluorescent LpxA activity assay was
performed to measure enzymatic activity in the presence of ObgE,
ObgE* and different nucleotides***°. To do so, several substrates
were synthesized in house as described previously and detailed
below*:.

AasS"*® production and purification. To obtain Vibrio harveyi
AasS"s, E. coli TOP10 cells were transformed with pBO4874
(pBAD24 + aasS"). An overnight culture was used to inoculate the

main culture (11 LB+ ampicillin) at an OD600 of 0.05. Cells were cul-
tivated at 37 °C until they reached an ODggo of 0.6-0.8 and protein
overproduction was induced by adding 0.2 % (w/v) of L-arabinose.
Cultivation continued at 30 °C for 4 h. Cells were harvested and stored
as described above.

Cell pellets were resuspended in 10 ml lysis buffer consisting of
20 mM HEPES/NaOH (pH 8.0), 500 mM NaCl, 10% (v/v) glycerol,
10 mM imidazole, and 1 x cOmplete™ EDTA-free, with the addition of
DNase I, RNase A, and lysozyme (0.1 mg/ml). The cells were lysed using
a French press. The lysate was centrifuged (10 min, 16000 x g, 4 °C),
and the supernatant was passed through a Ni-NTA agarose column
(Bio-Rad) after equilibration with lysis buffer (without enzymes). Three
wash steps with 10 column volumes (CVs) each, with wash buffers I-III,
were performed to remove unspecifically bound proteins (20 mM
HEPES/NaOH pH 8.0, 500/300/150 mM NacCl (I/11/11), 10% (v/v) gly-
cerol, 50 mM imidazole). AasS™*® was eluted using wash buffer III
supplemented with 250 mM imidazole. The buffer was exchanged by a
PD-10 column to store the protein in 20 mM Tris-HCI pH 7.5, 10% (v/v)
glycerol, 1mM EDTA, 0.1 mM TCEP, and 0.002% (v/v) Triton X-100°°.
Protein aliquots were stored at —80 °C. Protein concentration was
determined with the Roti®-Quant reagent (Carl Roth) and BSA as a
standard protein.

Holo-ACP production, purification, and acylation. E. coli BL21(DE3)
was transformed with pB04886 (pACYCDuet-1+ acpS-"**+ acpP). An
overnight culture was grown in an LB medium supplemented with
chloramphenicol and used to inoculate a 11 main culture to an initial
optical density (ODgoo) of 0.05. The bacteria were allowed to grow at
37 °C until they reached an OD¢go of 0.6-0.8. Protein overproduction
was induced by adding 1mM IPTG. The temperature was shifted to
18°C, and the culture was incubated overnight. Afterward, the cells
were sedimented by centrifugation (10 min, 4000 x g, 4 °C), washed in
20 mM HEPES/NaOH pH 8.0, and cell pellets were stored at — 20 °C.

Cell pellets were resuspended in 10 ml of buffer A (20 mM HEPES/
NaOH pH 8.0, 1mM TCEP pH 7.0), supplemented with lysozyme,
DNase I, and RNase A at a concentration of 0.1 mg/ml each. Following
cell lysis via French press, the clarified lysate was applied to a Ni-NTA
gravity-flow column (Bio-Rad) pre-equilibrated with buffer A. The resin
was washed twice with five CVs of buffer A. AcpS™*® was eluted through
an imidazole gradient (10-1000 mM). The elution fractions containing
imidazole concentrations of 50-1000 mM were combined, and an
equal volume of isopropanol was slowly added with gentle stirring at
4°C. After 1h at 4°C, aggregated proteins were removed by cen-
trifugation (30 min, 16000 x g, 4 °C), and buffer A was added in equal
volume.

AcpS™® and holo-ACP were separated using a HiScreen™ QHP
column (4.7 ml CV; Cytiva) that was equilibrated with buffer A. The
supernatant from the previous step was applied using an AEKTA
sample pump. Following a five-CV wash with buffer A, an 80 ml linear
gradient of NaCl (0-500 mM) in buffer A was employed to elute holo-
ACP. Holo-ACP was detected at ~300 mM NaCl, and fractions were
identified using SDS-PAGE, Coomassie, and SYPRO™ Orange staining
(Sigma). Holo-ACP was only visible in SYPRO™ Orange-stained SDS-
PAGE, while AcpS"*® was only visible with Coomassie staining. The
fractions containing holo-ACP were combined, subjected to buffer
exchange, and concentrated in 20 mM HEPES/NaOH (pH 8.0) utilizing
an Amicon® with a 3-kDa cutoff. Protein concentration was quantified
via absorbance at 280 nm (A280).

Holo-ACP was reduced by adding two molar equivalents of TCEP
(pH 7.0) and incubation for 1h at 21 °C. The acylation of holo-ACP was
conducted in a 10 ml reaction mixture comprising 70 uM reduced
holo-ACP, 100 mM Tris/HCI (pH 7.5), 5 mM ATP, 5 mM MgCl,, 100 uM
TCEP (pH 7.0), 0.01% (v/v) Triton X-100, 100 ug AasS"*¢, and 300 uM R-
3-hydroxymyristic acid. The reaction proceeded for 45 min at 30 °C,
followed by adding 50ug of AasS"™°® and an additional 20-min
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incubation at 30 °C. The reaction mixture was then cooled and directly
applied to a HiScreen™ QHP column (4.7ml CV; Cytiva) pre-
equilibrated with 20 mM HEPES/NaOH (pH 8.0). After a three-CV
wash, an 80 ml linear NaCl gradient (0-500 mM) was employed to
elute acyl-ACP. Acylation was confirmed by SDS-PAGE and SYPRO™
Orange staining. Acyl-ACP exhibited faster migration through the gel
matrix.

Due to the inability to separate holo- and acyl-ACP, the fractions
containing acyl-ACP were pooled, subjected to buffer exchange, and
concentrated in 20 mM HEPES/NaOH (pH 7.0) using an Amicon® with a
3-kDa cutoff. An excess (~20 mg) of N-ethylmaleimide (NEM; Sigma)
was added to block free thiol groups from remaining holo-ACP. Fol-
lowing a 2-hour incubation at 21 °C and 16 h at 4 °C, NEM was removed
through buffer exchange in 20 mM HEPES/NaOH (pH 7.0). The NEM-
blocked acyl-ACP preparation was then buffer exchanged and con-
centrated in 20 mM HEPES/NaOH (pH 8.0). Visualization and quanti-
fication of acyl-ACP were achieved via SDS-PAGE, SYPRO™ Orange
staining, and densitometric analysis using the Image Quant™ software
(Bio-Rad). Protein concentration was determined using A280 mea-
surements. The acyl-ACP preparation of batch 1, stored at —20 °C, had
a total concentration of 35.8 uM, with acyl-ACP constituting 33.9% or
12.1uM. Batch 2 had a total concentration of 38.5 uM, with acyl-ACP
constituting 7.8% or 3 uM.

Fluorescent assay for LpxA activity. For each reaction, 20 ul of the
NEM-blocked acyl-ACP preparation was mixed with 20 ul of 20 mM
UDP-GIcNAc, 30 pl of 33.33 uM ThioGlo® and 10 ul 20 mM HEPES/NaOH
[pH 8.0] into the wells of a black 96-well half-area plate (Corning). All
compounds were prepared in 20 mM HEPES/NaOH [pH 8.0]. The plate
was equilibrated in a Tecan Infinite® M Plex in the dark at 25 °C for five
minutes prior to adding LpxA, LpxA mutant proteins, ObgE, ObgE*,
and/or different nucleotides with a total volume of 20 pl. The reaction
was mixed by pipetting up and down, and the fluorescence intensity
was monitored for ten minutes at Aoy =379 nm and Aer, =513 nm at 10-
sec intervals. When working with batch 1 of synthesized substrates and
purified proteins, LpxA and LpxA mutant proteins were always added
at a trimeric concentration of 10 nM. ObgE and ObgE* were added at a
fixed concentration of 125 nM. When working with batch 2 of synthe-
sized substrates and purified proteins, increased background signals
forced us to lower the protein and nucleotide concentrations added to
the reactions. In this case, reactions were performed with a trimeric
LpxA or LpxA mutant concentration of 3nM and an ObgE or ObgE*
concentration of 7 nM. To test the effect of ObgE or ObgE* on LpxA or
LpxA variants, both proteins were pre-incubated together at a 5x
concentration for 30 min at room temperature on a shaking platform.
If needed, nucleotides (GTP, GDP, ppGpp) were added during the pre-
incubation step at a concentration of 800 uM (batch 1) or 40uM
(batch 2).

LpxA activity was determined as the initial reaction rate, repre-
sented by the slope of the linear regression fitted onto the linear range
of the measurement curve. To account for differences in signal
intensities between different experiments, all values were normalized
to the wt LpxA control (no ObgE(*), no nucleotides) that was included
in each experiment.

Determining cellular protein concentrations

To allow for accurate comparisons of cellular LPS levels and fatty acid
concentrations between different samples, these measurements were
normalized to total cellular protein concentrations. To determine the
latter, 1 ml culture volume was pelleted by centrifugation (20,000 x g,
5 min). Pellets were dissolved in 100 pl dH,0 and incubated at 95 °C for
10 min with continuous shaking. Next, protein concentrations were
determined using the Qubit™ protein assay kit (ThermoFisher Scien-
tific) following the manufacturer’s instructions.

Quantification of LPS

Cellular LPS was quantified using the Pro-Q Emerald 300 Lipopoly-
saccharide Gel Stain Kit (ThermoFisher Scientific) as described
previously”. For this protocol, approximately 5x10° cells were col-
lected. To do so, overnight cultures were diluted 100x and either grown
for 4 h (Supplementary Fig. S3C) or grown for 2 h and again 2 h after
adding 0.2% w/v arabinose (Fig. 6D and Supplementary Fig. S8A) or
grown for 2 h and 4 more hours after adding 100 ng/ml aTc (Fig. 7F).
Cells from 2ml of culture volume were collected by centrifuging
(20,000 xg, 5min) and resuspended in 100 ul of 1x NUPAGE™ LDS
sample buffer (ThermoFisher Scientific) with 4% v/v B-mercaptoethanol.
Samples were incubated for 10 min at 95 °C with continuous shaking.
After cooling down, they were then treated with 125 ug/ml proteinase K
at 55 °C overnight (16 to 20 h). Proteinase K was inactivated at 100 °C for
5min, and samples were loaded onto a 4-12% bis-Tris NuPAGE™ gra-
dient gel (ThermoFisher Scientific) and run with MES buffer. The loaded
sample volume was normalized to total protein content so that an
equivalent of 270 pg of protein was loaded for each sample. The gel was
fixed, washed, oxidized, and stained according to the manufacturer’s
instructions and visualized by UV transillumination with the E-box Gel
Documentation Imager (Vilber). Two bands were visualized per sample.
Based on personal correspondence with a number of research groups
that are experts in this assay, we quantified signal intensities of the top
band that corresponds to the LPS species of the E. coli lab strain used
here. Signal intensities were quantified using Image)®®. In case not all
repeats fitted onto the same gel, signals were normalized to a control
signal present on the same gel to account for differences in staining
intensities (Fig. 6D, Supplementary Fig. S8A, and 7F, control signal = E.
coli wt pBAD33Gm or E. coli dcas9 pTargetF_lac_sgRNA).

Quantification of peptidoglycan synthesis

To determine the rate of peptidoglycan synthesis, incorporation of the
radioactive marker (DL + meso)-2,6-Diaminopimelic acid, [2,6-*H] (*H-
DAP) was measured. Overnight cultures of E. coli BW25113 carrying
plasmid pBAD33Gm, pBAD33Gm-obgE, or pBAD33Gm-obgE* were
diluted 100x and grown for 2 h. Then, cultures were induced with 0.2%
w/v arabinose, and 1yl of 1 mCi/ml *H-DAP was added. 2 h later, 100 ul
of each culture was added to 3.5 ml ice-cold 10% TCA, and precipitates
were collected under vacuum on 25mm glass microfiber filters
(Whatman® Grade GF/C). Filters were washed twice with 4 ml ice-cold
dH,0 and added to 3.5ml scintillation liquid (Ultima-Flo M, Perkin
Elmer). The incorporation of the radiolabel was assessed using a Hidex
300SL scintillation counter, and resulting Counts Per Minute (CPM)
were used to evaluate the incorporation of radiolabeled *H-DAP.

Quantification of fatty acids

To determine the fatty acid composition, overnight cultures were
diluted 100x and grown for 2 h. At this point, the inducer 0.2% w/v
arabinose was added, and cultures were incubated for 2 more hours.
10 ml of each culture was spun down (3750 g, 20 min, 4 °C), and pellets
were dissolved in 1 ml dH,O. This cell suspension was used to extract
the fatty acids and derivate them to fatty acid methyl esters. The
protocol was obtained and adapted from literature’. First, the samples
were spiked with 10 pL of a pentadecanoic fatty acid standard (15.6 mg/
mL). Next, 50 uL of acetic acid was added, followed by 2mL of a 1:1
chloroform:methanol mixture. The suspension was left at room tem-
perature overnight. The lower organic phase was taken and dried using
a continuous nitrogen gas flow. The dried samples were re-suspended
in 2mL of 5 % H,SO, in methanol and incubated for 3 h at 80 °C. Next,
500 pL of a 0.9 % NaCl solution and 500 uL hexane were added. After
vortexing, the upper phase was collected for GC analysis. 1uL of the
sample was measured for fatty acid methyl esters and injected into a
59:1 split injection system of a Hewlett Packard HP6890 gas chroma-
tograph, equipped with a CP-Sil 88 column (100 m length, 0.25 mm
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diameter, and 0.2 um film thickness). Based on retention time, peaks
were matched to specific fatty acids. Peak areas were converted to
concentrations based on the C15 standard. Furthermore, fatty acid
quantities were normalized to protein concentrations measured in
each sample.

Alphafold-multimer modeling

The modeling of the ObgE*-LpxA and Obg-LpxA complexes was per-
formed with AlphaFold-multimer v3 running on a local server. The
sequences for all Obg and LpxA orthologues were retrieved from the
UniProt database website, and the inputs for both complexes were
generated by the AlphaFold-Multimer pipeline using default
parameters®*“*, Nine cycles of Amber relaxation were used on the top 5
models, ranked based on the iptm + ptm scores. The top-ranked pre-
dictions, along with the pLDDT scores and PAE plots, are deposited on
Zenodo as record 13902471. Visualization of the three-dimensional
structures and analysis was done using pymol (v 2.5.2).

CRISPRi depletions

Genome-wide CRISPRi screens were performed using previously vali-
dated pooled E. coli sgRNA plasmid libraries 1-4”*. Libraries were
transformed into E. coli MG1655 dcas9 carrying pBAD33Gm or
pBAD33Gm-obgE by electroporation. Briefly, mid-exponential phase
cultures were pelleted by centrifugation (10 min, 4.750 rpm), and pel-
lets were washed four times in chilled 10% glycerol. After the final wash
steps, cultures were concentrated 100x in 10% glycerol, and an aliquot
of 100 pl was electroporated with 50 ng of the pooled sgRNA libraries.
After electroporation, cells were allowed to recover in 1 ml SOC med-
ium for 45 min and were then transferred to 100 ml selective LB med-
ium. After overnight growth, libraries were stored at — 80 °C for later
use in CRISPRi experiments. Coverage of the libraries was determined
right after recovery in SOC medium and again before storage at
- 80 °C. This coverage exceeded our pre-set threshold of 100x, which
was also maintained as a lower limit for all experimental steps.

For the exponential phase CRISPRi screen, libraries were grown
overnight in a selective LB medium and diluted 100x into fresh med-
ium in 2-fold. After 2 h of growth, 100 ng/ml aTc (the inducer of dcas9
expression) was added to one of the duplicate culture tubes, while the
CRISPRi system was not activated in the second duplicate. 30 min later,
0.2% arabinose was added to all tubes (both with and without aTc) to
induce obgE expression. Cultures were grown for 6 hours before
sampling. In the stationary phase screen, libraries were grown over-
night in a selective LB medium and diluted 100x into fresh medium in
2-fold. After 8 h of growth, 100 ng/ml aTc was added to one of the
duplicate culture tubes and 0.2% arabinose was added to all tubes.
Cultures were further incubated overnight for 16 hrs. Next, cultures
were diluted 100x into fresh selective LB medium with 0.2% arabinose
but without aTc. After 8 hours of growth, cultures were sampled.

Sampling was done by centrifuging 1 ml of culture for 1 min at
13.000 x g. Pellets were stored at — 20 °C prior to isolating the sgRNA-
encoding plasmids using the NucleoSpin Plasmid EasyPure kit (Mach-
ery-Nagel). Plasmid concentrations were measured by Qubit and
adjusted to 0.5ng/ul to serve as input for a first PCR reaction that
amplifies the sgRNA N20 region and introduces i5 and i7 adapters. PCR
products of appropriate size (149 bp) were selected with the Mag-Bind
TotalPurge NGS kit (Omega Bio-Tek), their concentration was adjusted
to 1ng/ul and they were used as input for a second PCR reaction in
which sample-specific indices were introduced. Again, PCR products of
the correct size (218 bp) were selected with the Mag-Bind TotalPurge
NGS kit, and their size was confirmed using the QIAxcel fragment
analyzer. Samples were pooled at a concentration of 20 nM. This pool
was sequenced using an Element Bio AVITI instrument (2x75 cloud-
break high sequencing kit single-end reads) with a custom sequencing
primer (CGACGCTCTTCCGATCTGGATAACAAGATACTGAGCAC) and
2% PhiX DNA. After demultiplexing, raw read counts were extracted

and used to detect significantly enriched or depleted sgRNAs by
DESeq2®. Our DESeq2 analysis made use of the interaction term
(strain:inducer) and was therefore designed to compare the changes
that occur with and without aTc in our vector sample to the changes
that occur with and without aTc upon obgE overexpression. As output,
a shrunken log2 fold change was calculated, and a Wald test was per-
formed to obtain p-values. FDR-adjusted p-values were calculated
using the Benjamini-Hochberg correction for multiple hypothesis
testing. Next, to obtain results at the gene level, the o Robust Rank
Aggregation (¢-RRA) method from the MAGeCK pipeline was applied
in R'°°. Here, a gene-level average log2 fold change was calculated
based on the shrunken log2 fold change values of significantly enri-
ched or depleted sgRNAs (FDR-adjusted p-value <0.05). For each
gene, this calculation was done twice: once for sgRNAs with a positive
log2 fold change and once for sgRNAs with a negative log2 fold change.
Another Wald test was applied to obtain gene-level p-values that were
once again FDR-adjusted for multiple testing. This results in two log2
fold changes and corresponding p-values per gene, one for enriched
sgRNAs and one for depleted sgRNAs. Finally, significant hit genes
were used as input for an enrichment analysis based on KEGG path-
ways which was performed with the STRINGdb R package'*'%%,

For individual gene depletions (Fig. 7F), overnight cultures were
diluted 100x, grown for 2 h, and then induced with 100 ng/ml aTc. 4 h
after induction, cultures were sampled.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw data included in this manuscript are available and stored in the
following repositories. The sequencing data generated in this study
have been deposited in the Sequence Read Archive (SRA) with Bio-
Project accession number PRJNA1061367, and microscopy images and
videos have been deposited in the EMBL-EBI Biolmages Archive with
accession number S-BIAD1002. The output of AlphaFold-Multimer and
all other data presented here (including raw gel images and MS data)
are deposited on Zenodo as record 13902471 with https://doi.org/10.
5281/zen0do.13902471.

Code availability

Code for analysis of our CRISPRi screening data has been deposited on
Zenodo as record 13902656 with https://doi.org/10.5281/zenodo.
13902656.
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